ABSTRACT A laboratory culture of Catolaccus grandis (Burks), an ectoparasitoid of the boll weevil, Anthonomus grandis grandis Boheman, was exposed to lethal and sublethal doses of insecticides and an insect growth regulator using a spray chamber bioassay. Materials tested were azinphos-methyl, endosulfan, Þpronil, malathion, cyßuthrin, dimethoate, spinosad, methyl parathion, acephate, oxamyl, and tebufenozide. At full rates, spinosad was signiÞcantly less toxic to female C. grandis than other treatments except endosulfan. Fipronil and malathion were signiÞcantly more toxic to females than other treatments. Most of the chemicals tested were highly toxic to male C. grandis; spinosad was least toxic. At reduced rates, most of 4 selected chemicals tested were low in toxicity to C. grandis; however, a reduced rate of malathion was signiÞcantly more toxic to females than other treatments. No C. grandis pupae developed from parasitism during a 24-h treatment period with malathion or spinosad. The sex ratio of progeny from sprayed adults appeared to be unaffected by the treatments.
THE BOLL WEEVIL ectoparasitoid Catolaccus grandis (Burks) has been shown to be an effective biological control agent against the boll weevil, Anthonomus grandis grandis Boheman (Morales-Ramos and King 1991; Summy et al. 1992 Summy et al. , 1994 Summy et al. , 1995 . The technical feasibility of mass producing C. grandis in an insectary, which would facilitate inoculative/augmentative releases, was demonstrated by Morales-Ramos et al. (1992) and Roberson and Harsh (1993) . reported the successful use of C. grandis in inoculative/augmentative releases in commercially managed cotton Þelds in south Texas to suppress boll weevil. In addition, Rojas et al. (1996) reared C. grandis on an artiÞcial diet completely devoid of insect components and these in vitro reared parasitoids approached the quality of parasitoids reared from the boll weevil (Morales-Ramos et al. 1998) .
The boll weevil has now been eliminated as an economic pest in Ϸ1.8 million hectares (4.5 million acres) of cotton in 8 states (Cunningham and Grefenstette 1988) through the Boll Weevil Eradication Programs. The application of malathion at strategic times facilitates elimination of the weevil, resulting in economic, environmental, and sociological gains. However, there is concern about the need for treating tens of thousands of acres of cotton within suburban areas and near schools, along waterways, and wildlife habitats. In addition, there are tens of thousands of acres of organically grown cotton infested by the boll weevil. Application of synthetic chemical insecticides to this cotton results in the loss of the organically grown certiÞcation, reducing its value by over one-half . Therefore, the development of biologically based technologies to include in areawide suppression and eradication programs is needed.
Catolaccus grandis has been evaluated extensively for suppresion of the boll weevil in cotton. However, with the exception of recent reports (Elzen et al. 1999) , little knowledge exists regarding the tolerance of C. grandis to insecticides used to control insects pests of cotton, or, more speciÞcally, those insecticides targeted for boll weevil control. The objective of this study was to document the lethal and sublethal effects of selected formulated insecticides on C. grandis using a spray chamber bioassay that mimics Þeld application of pesticides.
Materials and Methods
Insects. C. grandis were reared on boll weevil larvae as described by Cate (1987) . The boll weevil larvae were produced at the R. T. Gast Rearing Laboratory, Mississippi State, MS. For exposure to parasitoids, boll weevil larvae were encapsulated in ParaÞlm bubbles. Adult wasps were kept in Plexiglas cages as described by Morales-Ramos et al. (1992) . The encapsulated boll weevils were exposed to the parasitoids inside these cages for 6 h and developed at constant 27 Ϯ 2ЊC as recommended by Morales-Ramos et al. (1992) Spray Chamber. A laboratory spray chamber (DeVries, Hollandale, MN; Elzen et al. 1998) was used to apply formulated insecticides in bioassays. The sprayer was calibrated to deliver 56 liters/ha using 1 TX-4 nozzle at 1.7 kg/cm 2 and 4.8km/h. For ULV application of malathion, the compressed-air system was replaced with a modiÞed ULVAϩ spinning disk atomizer head (Dramm, Manitwoc, WI; G.W.E., unpublished data).
Direct Toxicity Bioassays. Rates of formulated insecticides applied were selected by referring to an appropriate control guide (Norman and Sparks 1997) . Cotton plants, Gossypium hirsutum L. (ÔSure-Grow 125Õ), grown in 11-cm-diameter plastic pots in a greenhouse, were used to obtain cuttings (10 Ð14 cm stem with 3Ð 4 small leaves and buds), which were placed in ßoristÕs water picks. Cuttings were treated with formulated insecticides using a spray chamber as described above. Each treatment consisted of 12 replicates of 1 cutting each. Controls were treated with water only. Four female or male C. grandis were placed on each cutting 30 min after spraying and conÞned to each cutting within a 590-ml ventilated paper cup. Adults exposed to each compound were held for 72-h at 26 Ϯ 2ЊC, 55Ð 60% RH, and a photoperiod of 14:10 (L:D) h. Mortality was assessed by failure of movement when prodded by a probe. Control mortality was never Ͼ10.0%; data were corrected for control mortality using AbbottÕs (1925) formula. Percentage mortalities were arcsine transformed and analyzed by analysis of variance (ANOVA); means were separated by least signiÞcant difference (LSD) (P Յ 0.05, SAS Institute 1988).
Sublethal Bioassays. Boll weevil 2nd instars (60 Ð70 per replication) were encapsulated singly in paraÞlm sheets (cells) and treated with formulated malathion, spinosad, endosulfan, or tebufenozide at 25% of the full Þeld rate using the spray chamber as described above. Each treatment was replicated 6 times. After 30 min, ParaÞlm sheets were exposed to 20 male and 50 female C. grandis for each replicate for 24-h in a ventilated 3.8-liter plastic cage. Parasitoids were fed honey throughout the experiment. At the end of 24 h, percentage mortality of males and females was determined, percentage of parasitoid eggs laid per ParaÞlm cell was determined, and percentage development of parasitoid eggs to pupae and sex ratio of offspring were determined. Fresh, untreated ParaÞlm sheets (cells) containing 2nd-instar boll weevils were supplied to the previously exposed C. grandis for an additional 24 h and the same parameters as described above were again determined (these data are reported as 48-h posttreatment). Three F 1 males and 5 females from the above 2 bioassays were exposed to untreated 2nd-instar boll weevils in ParaÞlm sheets for 24-h periods (fresh sheets every 24 h) for a total time of 72 h. For each 24-h period, percentage mortality, percentage parasitoid eggs laid per ParaÞlm cell, and percentage development of parasitoid eggs to pupae and sex ratio of developed F 2 progeny were determined.
Results and Discussion
At full rates, spinosad was signiÞcantly less toxic to female C. grandis than other treatments except endosulfan; Þpronil and malathion, at 89.6 and 91.7% mortality, respectively, were signiÞcantly more toxic than other treatments (Table 1) . Malathion is the insecticide widely used in boll weevil eradication programs, and Þpronil is a newer insecticide with a novel mode of action targeted for boll weevil control. In concentrationÐ bioassays with technical-grade chemicals, Elzen et al. (1999) found that methyl parathion (LC 50 ϭ 0.004 g) was signiÞcantly more toxic to C. grandis females than 9 other chemicals. Cyßuthrin and malathion (LC 50 ϭ 0.097 and 0.093 g, respectively) were also more toxic than the other chemicals tested except dimethoate and methyl parathion. In the current study, methyl parathion treatment resulted in 56.3% mortality of females. Cyßuthrin treatment resulted in 43.8% mortality of females in the spray chamber bioassays reported here. Thus, as noted by others (Stark et al. 1995 ) the use of topical toxicity data to predict pesticide effects has certain limitations. Similarly, spray chamber bioassays should be followed by Þeld residue studies.
Most of the chemicals tested were highly toxic to male C. grandis; spinosad was least toxic; however, it still produced 64.6% mortality (Table 1) . Elzen et al. Means within a column by sex followed by the same letter are not signiÞcantly different (P Ն 0.05; LSD [SAS Institute 1988] ).
(1999) did not evaluate male C. grandis in concentrationÐmortality bioassays. Therefore, the spray chamber data cannot be compared as with the female C. grandis data.
At reduced rates, endosulfan, malathion, spinosad, and tebufenozide were primarily low in toxicity to C. grandis of both sexes. However, malathion was significantly more toxic to females than the other treatments and produced 66.3% mortality (Table 2) . No pupae developed from eggs laid by C. grandis during a 24-h treatment period with parasitoids exposed to malathion or spinosad treated ParaÞlm sheets containing 2nd instar boll weevils (Table 3) . When these same parasitoids were removed to untreated ParaÞlm sheets containing boll weevil larvae, eggs were laid and subsequently parasitoid pupae developed (Table 3 ) and adults emerged (Table 4) . Sex ratio of progeny appeared to be unaffected by the treatments, except that no progeny developed from parasitism during exposure to malathion or spinosad treated boll weevil ParaÞlm sheets (Table 4) .
There were no signiÞcant differences among treatments for percentage parasitoid eggs laid or for pupal development from the F 1 generation or for sex ratio of the F 2 progeny; therefore, the data are not shown. The sublethal effects that we observed did not persist to the next generation.
When considering the impact of pesticides on beneÞcial arthropods, we must examine not only the effects of direct mortality but also those sublethal effects that might ultimately result in reduced population numbers and effectiveness in suppressing host populations. It appears that we have observed sublethal effects in the current study that have the potential to affect progeny production. However, we have only examined a few of the possible sublethal effects of the Table 2 . Toxicity of selected insecticides to C. grandis adults exposed to parafilm sheets containing boll weevils treated with insecticide at 25% of full field rate and untreated Means within a column followed by the same letter are not signiÞcantly different (P Ն 0.05; [SAS Institute 1988] ). Means within a column followed by the same letter are not signiÞcantly different (P Ն 0.05; LSD [SAS Institute 1988] ). insecticides. Continued studies may be necessary to evaluate the potential effects of pesticides on C. grandis.
Cotton integrated pest management is highly complex and relies on many factors, including the selectivity of pesticides. Data on the selectivity of newer insecticides with novel modes of action are useful, because these may replace conventional insecticides. The body of literature concerning the devastating effects of insecticides to populations of natural enemies and beneÞcial insects is considerable (for review see Croft and Brown 1975 , Croft and Morse 1979 , Elzen 1989 , Jepson 1989 , Croft 1990 ). However, scientiÞc methods must be reÞned so that the risks posed by insecticides to natural enemies can be predicted reliably (Stark et al. 1995) .
